MnO, Mn 2 O 3 , Fe 2 O 3 and Fe 3 O 4 are catalytically active for the steam reforming of ethanol. The main reaction products were acetaldehyde, acetone, CO 2 and H 2 in the temperature range of 300-550°C. At low temperatures, high selectivity for acetone (up to 75%) was observed for MnO. Based on the study results, the relation between product selectivity of the oxide catalysts and their acid-base/redox properties balance is suggested. The selectivity for hydrogen was about 80% for Fe 2 O 3 at 550 °C with 100% ethanol conversion.
INTRODUCTION
Steam reforming of ethanol (SRE) is currently regarded as a prospective method for the production of hydrogen for its subsequent use as a motor fuel or in fuel cells C 2 H 5 OH + 3 H 2 O = 2 CO 2 + 6 H 2 (1)
In the absence of by-products, 50% of the hydrogen can be produced from water, and the other 50% can be produced from ethanol. The hydrogen produced through the SRE process is a renewable energy source, as the ethanol used can be produced by the processing of vegetable materials (biomass). Besides, the whole cycle, starting from the growth of the plants to the production of H 2 by SRE, is a closed process with respect to CO 2 , and therefore, the technology does not cause an increase in the concentration of carbon dioxide in the atmosphere.
Many heterogeneous catalysts have been explored for use in the SRE reaction, although in most cases they were used as supported metals (Haryanto et al. 2005; Ni et al. 2007; Pyatnitsky et al. 2013; Vaidya and Rodrigues 2006) . Catalysts of other types (e.g. simple and mixed oxides) have not yet been extensively studied in this regard. The catalytic properties of simple oxides such as MgO, Al 2 O 3 , ZnO, V 2 O 5 , La 2 O 3 , CeO 2 and Sm 2 O 3 have only been briefly studied (Llorca et al. 2001) . Promising results have been obtained for some complex oxides. An oxide with the spinel structure, NiAl 2 O 4 , showed high activity and selectivity at 550°C, and its crystal structure was almost unchanged under the reaction conditions (Muroyama et al. 2010) . The spinels MAl 2 O 4 (M = Cu, Zn or Ni) have been demonstrated to be effective in the SRE process (Barroso et al. 2006 
EXPERIMENTAL ANALYSIS
The following oxides were used as catalysts: Fe 2 O 3 (ZAO "Red Chemist", RF), Mn 2 O 3 (ZAO "Red Chemist", RF), Fe 3 O 4 (prepared by co-precipitation of FeCl 2 and FeCl 3 solutions (Kim et al. 2003) , MnO (prepared by reduction of Mn 2 O 3 by hydrogen in situ before use in catalytic experiments).
X-ray diffraction (XRD) measurements were carried out with a Bruker D8 ADVANCE diffractometer, with a Cu anode (λ = 0.154 nm, step 2θ = 0.05°, exposition time 5 seconds/step). Identification of crystalline phases was achieved by matching them with the ICDD files in the PDF-2 Version 2. 0602 (2006) database. The BET surface areas were measured by adsorption of nitrogen at -196 °C using a Sorptomatic 1990 instrument.
To evaluate the basicity of the oxide surface, temperature-programmed desorption of CO 2 (TPD-CO 2 ) experiments were carried out with a conventional set up equipped with a thermal conductivity detector (TCD). Fe 2 O 3 and Fe 3 O 4 oxides were first purged with He at 350 °C for 2 hours; the Mn 2 O 3 sample was initially reduced under flowing 50 vol.% H 2 /He at 450 °C for 2 hours, and then cooled down to room temperature. The adsorption of CO 2 was carried out using a feed mixture of 50 vol.% CO 2 /He for 30 minutes followed by purging with He for 2 hours. The TPD-CO 2 was started in an atmosphere of He (40 ml/minute) with a heating rate of 10 °C/minute.
Hydrogen temperature-programmed reduction (TPR-H 2 ) was performed with the same set up. A catalyst sample was pre-treated at 250 °C for 2 hours under flowing Ar (50 ml/minute). After cooling down to room temperature, the sample was exposed to a flow of 10 vol.% H 2 /He (50 ml/minute), and the temperature was increased linearly at 10°C/minute.
The SRE reaction was carried out in a fixed-bed tubular quartz reactor (10 mm i.d.) with the temperature increased stepwise from 300 to 550 °C at a H 2 O:C 2 H 5 OH molar ratio of 19 that is close to that of water/ethanol in bioethanol obtained by fermentation. A catalyst, approximately 1 g, of particle size between 1 and 2 mm, was placed in a reactor and held at each temperature in the reaction mixture stream (2.7 vol.% C 2 H 5 OH, 50 vol.% H 2 O, N 2 balance) for 1 hour at the gas hourly space velocities (4000 cm 3 hour −1 g cat −1 ), followed by gas chromatography analysis. Chromatographic analysis of the products was performed with TCD and flame ionization detector using columns packed with molecular sieve 5A, Polysorb, tris-β-cyanoethoxypropane/Polysorb and Separon-BD. The catalytic tests and reaction mixture analysis were carried out as described in Dolgykh et al. (2006) .
The conversion of the ethanol (X) and the selectivity of the products with respect to carbon content (S Cn ) were defined as X = Σ(nF Cn )/(2F Et,in ) and S Cn = (nF Cn )/Σ(nF Cn ), where n is the number of carbon atoms in the product C n , F Et,in is the rate of flow of ethanol into the reactor, mol hour −1 , and F Cn is the rate of flow of the corresponding reaction products, mol hour -1 . The selectivity with respect to hydrogen (S H2 ) was taken to be 100% when 6 mol of H 2 is formed from 1 mol of ethanol treated according to the stoichiometry of equation (1). Then, S H2 = F H2 /[3 Σ(nF Cn )], where F H2 is the rate of flow of hydrogen, mol hour −1 .
RESULTS AND DISCUSSION
The XRD analysis gave the following results: Mn 2 O 3 (6.5 m 2 /g) possesses a cubic lattice with cell parameter a = 9.4 Å (ICDN No 01-089-2809); Mn 2 O 3 was reduced during the catalysis to MnO (6.6 m 2 /g) that has a cubic lattice with a = 4.4 Å (ICDD N 01-075-1090). Fe 2 O 3 (57 m 2 /g) is identified as a hematite with a rhombohedral lattice with cell parameters a = 5.0 Å, c = 13.8 Å; Fe 2 O 3 was reduced during the catalytic testing to the magnetite phase Fe 3 O 4 with a crystal structure of cubic spinel type with the cell parameter a = 8.4 Å (ICDD N 00-019-0629). The same structure was found for Fe 3 O 4 (220 m 2 /g) prepared by co-precipitation.
As demonstrated from the TPD-CO 2 profiles of explored catalysts (Figure 1) , the manganese and iron oxides have low-strength surface basic sites observed at 80-100 °C. Signal with maximum at 390°C for MnO can be attributed to the medium-strength surface basic sites (Kuś et al. 2002) . The profiles at temperature higher than 400°C are partially due to the dehydroxylation of the samples that makes it difficult to clearly conclude the complete surface basicity of the explored oxides.
TPR-H 2 results showed that reduction of Mn 2 O 3 and Fe 2 O 3 proceeds in two steps via Mn 3 O 4 and Fe 3 O 4 intermediates, respectively (Sastri et al. 1982; Xu et al. 2006 ). Transformation of M(III)→M(III, II) proceeds more readily for Fe 2 O 3 , as evidenced by the corresponding TPR peak observed for Fe 2 O 3 at lower temperature (T max = 380 °C) than for Mn 2 O 3 (T max = 420 °C). Reductive transition of Mn 3 O 4 to MnO was observed at 518 °C. Under the studied experimental conditions, complete reduction of Fe 3 O 4 to metallic iron was not observed up to 700 °C, and only partial reduction took place. Figures 2 and 3 show the temperature dependences of ethanol conversion for the explored catalyst.
As shown, all explored oxides catalyze the ethanol conversion under the SRE conditions. In view of the values of the oxide surface area, the specific catalytic activity of Mn 2 O 3 is higher than the activity of MnO, and the specific catalytic activity of Fe 2 O 3 is higher than that of Fe 3 O 4 . These differences become small at elevated temperature because Mn 2 O 3 reduced to MnO, and Fe 2 O 3 reduced to Fe 3 O 4 under SRE reaction conditions as shown by XRD of spent catalysts and TPR-H 2 results.
The main reaction products were acetaldehyde, acetone, CO 2 and H 2 ; other products were methane and C 2 -C 3 hydrocarbons, which formed in small amounts. Figures 4 and 5 show the temperature dependences of main product selectivity for the explored catalysts. An analysis of the obtained experimental data shows that the SRE process over all studied catalysts includes dehydrogenation of ethanol to acetaldehyde, formation of acetone from acetaldehyde and steam reforming of acetaldehyde and acetone C 2 H 5 OH = CH 3 CHO + H 2
(2)
The high content of acetone in the reaction products is apparently due to the existence of surface basic sites in the explored oxides (Figure 1) , which can catalyze condensation/ketonization resulting in conversion of acetaldehyde to acetone (Nishiguchi et al. 2005; Sun et al. 2015) . The high selectivity for acetone (75% at 300 °C) at relatively low conversions of ethanol (<10%), especially for MnO with marked base properties, is notable [ Figure 4(b) ]. This indicates that there is also a direct pathway for the conversion of ethanol to acetone (i.e. without intermediate formation of acetaldehyde in a gas phase). Comparison of catalysts for CO 2 selectivity indicates that the maximum values of S CO2 are attained for iron oxides [Figures 4(c) and 5(c)]. As shown by TPR-H 2 results, Fe 2 O 3 is characterized by easier reductive transformation (M 3+ /M 2+ ) than Mn 2 O 3 , 718
L.Yu. Dolgykh et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 and therefore, it more readily supplies oxygen for the oxidation of surface intermediates. The higher selectivity of iron oxide in ethanol conversion correlates with reducibility of this material. The probable reaction network for the main reaction products may be presented by the following simplified scheme (Z 1 and Z 2 are surface precursors of corresponding products):
Adsorption/desorption steps depend on the acid-base properties of oxides, whereas transformation of surface intermediate organic species Z 1 and Z 2 includes reactions of their oxidation (i.e. it depends on redox properties). Selectivity for reaction products should depend on the rates of adsorption and surface reactions; thus, for desired selectivity, it is necessary to have appropriate balance of acid-base and redox properties.
The largest values for hydrogen selectivity (target product of the SRE reaction) were achieved for iron catalysts [Figures 4(d) and 5(d)], with selectivity of about 80% at 550 °C and 100% ethanol conversion achieved for Fe 2 O 3 [ Figures 3 and 5(d) ]. An increase of CO 2 selectivity is usually accompanied by an increase of hydrogen selectivity; nevertheless, it is interesting to note that there a close similarity between observed temperature dependences of selectivity for CO 2 
CONCLUSION
Simple manganese and iron oxides are sufficiently active as catalysts for the ethanol steam reforming reaction. Higher hydrogen selectivity (approximately 80%) was obtained for Fe 2 O 3 . The product distribution and hydrogen selectivity depend on both redox and acid-base properties of the oxide catalysts of the SRE process.
